Artificial microRNA (amiRNA) sequences embedded in natural microRNA (miRNA) backbones have proven to be useful tools for RNA interference (RNAi). amiRNAs have reduced off-target and toxic effects compared to other RNAi-based methods such as short-hairpin RNAs (shRNA). amiRNAs are often less effective for knockdown, however, compared to their shRNA counterparts. We screened a large empirically-designed amiRNA set in the synthetic inhibitory BIC/miR-155 RNA (SIBR) scaffold and show common structural and sequence-specific features associated with effective amiRNAs. We then introduced exogenous motifs into the basal stem region which increase amiRNA biogenesis and knockdown potency. We call this modified backbone the enhanced SIBR (eSIBR) scaffold. Using chained amiRNAs for multi-gene knockdown, we show that concatenation of miRNAs targeting different genes is itself sufficient for increased knockdown efficacy. Further, we show that eSIBR outperforms wild-type SIBR (wtSIBR) when amiRNAs are chained. Finally, we use a lentiviral expression system in cultured neurons, where we again find that eSIBR amiRNAs are more potent for multi-target knockdown of endogenous genes. eSIBR will be a valuable tool for RNAi approaches, especially for studies where knockdown of multiple targets is desired.
INTRODUCTION
The advent of molecular techniques based on RNA interference (RNAi) has opened many avenues to researchers for genetic manipulation (reviewed in 1). RNAi is a cellular pathway which uses short interfering RNAs (siRNAs) for posttranscriptional gene regulation mainly through the biogenesis and use of microRNAs (miRNAs) (for review see [2] [3] [4] . Endogenous miRNAs are hairpin-like secondary structures found in many primary RNA transcripts (pri-miRNAs). In the nucleus, the microprocessor Drosha/DGCR8 complex binds and cleaves the basal stem of pri-miRNAs to liberate the stem-loop precursor miRNA (pre-miRNA). Pre-miRNAs are then exported from the nucleus where the loop is cleaved by Dicer/TRBP to form a mature RNA duplex. The guide strand, also known as targeting strand, is separated from the passenger strand and loaded onto an argonaute protein in the RNA induced silencing complex (RISC), which then targets complementary mRNA transcripts for degradation or translational repression.
Common methods for RNAi involve the use of vectorbased expression of ≈19-24 nucleotide short hairpin RNAs (shRNAs) or synthetic targeting sequences embedded in endogenous miRNA backbones (artificial miRNAs, amiRNAs). Although functional backbones for amiRNA expression have been made from a number of naturally-occurring miRNAs (5) (6) (7) (8) (9) (10) , the two most commonly used amiRNA scaffolds are derived from either miR-30 or the synthetic inhibitory BIC/miR-155 RNA (SIBR) (11, 12) , especially since commercial vectors have been developed using these backbones (Open Biosystems Expression Arrest TM , GE Dharmacon and Block-iT Pol II miR RNAi TM , Life Technologies, respectively). amiRNAs are embedded in sequences driven by RNA Polymerase II (Pol II) promoters, whereas shRNA expression is typically driven by constitutive Pol III promoters, such as H1 or U6. While there are conflicting reports, shRNAs generally outperform miRNAs for knockdown efficacy, likely due to higher shRNA expression levels using Pol III promoters (13) (14) (15) (16) .
Potent knockdown using shRNAs often comes at a cost, however, as at least three problems frequently arise from shRNA overexpression. First, high levels of shRNAs can cause toxicity due to oversaturation of the endogenous miRNA pathway (17) (18) (19) . Oversaturation may even result in lethality during in vivo studies (20) . amiRNAs are typ-ically expressed at much lower levels and do not saturate endogenous RNAi pathways (13, 21, 22) . As such, amiRNAs are suitable for studies where shRNAs were toxic (23) (24) (25) . Second, shRNA sequences are usually designed with perfectly-matched guide and passenger strands. In contrast, amiRNAs are often designed with central mismatches between the guide and passenger strands, which may reduce off-target effects by decreasing unwanted passenger strand incorporation into RISC (26, 27) . Third, shRNAs often induce an immune response which may compound or mask RNAi-specific effects (28) (29) (30) (31) (32) (33) . Use of amiRNAs may circumvent this problem by avoiding immune activation (23, 34) .
amiRNAs allow greater vector design flexibility and diversity of application compared to shRNAs. For example, amiRNAs can be co-expressed with transgenes from a single cistron driven by Poll II promoters, such as cell-specific or conditional promoters (16, 24, (35) (36) (37) . amiRNAs can also be placed in an intron so that miRNA processing does not interfere with transgene expression (11, 38) . Indeed, it was originally shown that intronic SIBR amiRNAs are more potent than their exonic counterparts (11) . Further, amiRNAs can easily be chained in tandem, either to increase knockdown efficiency or to target multiple genes, without the need of dedicated promoters for each hairpin sequence (9, 11, 39, 40) . Chained amiRNAs are particularly powerful tools for systems requiring multiple-target knockdown, such as studying functionally-redundant genes. For example, functional compensation often arises from gene duplications, which can mask phenotypes in single-knockout animals (41) . Targeted knockdown of multiple genes can be used to overcome functional redundancy, without the need for more difficult and laborious techniques such as conditional multi-gene knockout animals. Furthermore, combinatorial amiRNA holds great promise for many gene therapies including those targeting rapidly-evolving pathogens (42, 43) or human diseases caused by multiple factors, including cancer (44, 45) Currently, many researchers choose to use shRNAs based solely on the potential for greater knockdown. Because of the advantages afforded by miRNAs, enhanced knockdown rivalling that of shRNAs would be quite beneficial for many applications. Targeted optimization of miRNA scaffolds using insights gained from an improved understanding of miRNA function holds promise for increasing knockdown potency (26, 46) . For example, a recent deep-sequencing study uncovered conserved sequence elements of miRNA backbones that are associated with increased miRNA biogenesis and enhanced knockdown efficiency, including common UG and CNNC motifs at the basal stem region (47) . Using this knowledge, an improved amiRNA backbone that enhanced microprocessor cleavage and knockdown potency, termed 'miR-E', was created by reintroduction of the wild-type CNNC motif into the commonly used miR-30 scaffold (46) .
Despite enormous advancement in algorithms and rules for designing functional RNAi sequences over the last decade, the process of screening for potent sequences is often time-consuming, costly and laborious. In the present study, we suggest important criteria for effective amiRNA design. We also create and systematically test an enhanced SIBR (eSIBR) backbone containing exogenous UG and CNNC motifs at the basal stem which boosts relative amiRNA knockdown potency compared to the wild-type SIBR (wtSIBR) backbone. We find chaining amiRNAs targeting different genes is itself sufficient to enhance knockdown of each individual gene, and that eSIBR outperforms wtSIBR for multi-gene knockdown in lentiviral-transduced primary cultured hippocampal neurons. Taken together, this study presents a template for developing and expressing amiRNAs for potent multi-target RNAi.
MATERIALS AND METHODS

Expression vectors and constructs
GFP-SIBR vectors. EGFP coding sequence was inserted into HindIII and BamHI sites of pcDNA3 (Invitrogen) to make CMV-GFP. The 150 nucleotide SIBR minimal region was amplified from Ui4-SIBR-GFP (11) and inserted between the EcoRI and XbaI sites of CMV-GFP to make CMV-GFP-SIBR using primers SIBR f and SIBR r. Ui4-SIBR-GFP was graciously provided by Dr David Turner (University of Michigan). To allow cloning of miRNA targeting sequences into the SIBR cassette using BbsI as previously described (11), the single native BbsI site in CMV-GFP-SIBR was silently mutated by site-directed mutagenesis (Agilent). Site-directed mutagenesis was used to introduce basal UG and CNNC motifs and to generate GFPeSIBR ( Figure 3A) . The G at position -15 and +14 were also changed to U in order to maintain the proper predicted folded structure. The CNNC motif was inserted beginning at position +19 due to an unusual 2 nucleotide bulge at positons +2 and +3 in the predicted folded miR-155 backbone. The inserted position of the CNNC motif is therefore equivalent to the +17 position of miRNAs without a 3 mismatch bulge. To complete the CNNC motif, the C at position +18 was changed to U because it was shown that a C preceding the CNNC motif of miR-30 inhibited knockdown efficiency (46) . The GFP-eSIBR vector has been deposited with Addgene (www.addgene.org). amiRNA sequences (Supplementary Table S1 ) were cloned into the SIBR cassette and chained as previously described (11) . Scrambled control guide strand sequences used were scrambled1: 5 -AUUCUAAUACUACGUUCCGCAU-3 , scrambled2: 5 -ACAACUUGUAUAUCGCGCAACU-3 and scrambled3: 5 -GAUCUUAUACUCGUGAUUGAGA-3 .
Viral vectors.
The gateway cloning system (Invitrogen) was used to make viral vectors. To express miRNAs intronically, entry vector pME-SIBR was cloned by amplification of UI4-SIBR-GFP immediately following the Ubiquitin C promoter and ending shortly after the final intron/exon boundary using primers Ui4 SIBR attBf and Ui4 SIBR attBr, then inserted into pDONR221. The pME-SIBR vector has been deposited with Addgene. Single or triplet SIBR cassettes were shuttled to pME-SIBR from GFP-SIBR using EcoRI and XhoI. For entry vector p5E-CMV the CMV promoter sequence of pcDNA3 was cloned into pDONR221 P4-P1R using primers CMV attBf and CMV attBr. For entry vector p3E-nlsGFP, nlsGFP was amplified from pME-nlsGFP (48) and inserted into PAGE 3 OF 16 Nucleic Acids Research, 2016, Vol. 44, No. 5 e48 pDONR221 P2R-P3 with primers nlsGFP attBf and nls-GFP attBr. The viral vector LV-CMV-SIBR-nlsGFP was made using the above entry vectors in an LR reaction with a Gateway-compatible third generation lentiviral destination vector kindly provided by Dr Kryn Stankunas (University of Oregon).
HA-reporter vectors. Generation of HA-Cadm1 and HANeuroligin1 vectors were previously described (49, 50) . To make HA-Cadm2 and HA-Cadm3 expression vectors, Cadm2 and Cadm3 coding regions were amplified by polymerase chain reaction (PCR) from mouse cDNA and inserted into pcDNA3 using primer pairs Cadm2 f/r for Cadm2 and Cadm3 f/r for Cadm3. HA tags were then inserted following the signal sequences with the megaprimer PCR technique using megaprimer HA-Cadm2 mp for Cadm2 and HA-Cadm3 mp for Cadm3. HA-Neuroligin2, HA-Neuroligin3, HA-Neurexin1, HA-Neurexin2 and HANeurexin3 vectors were kindly provided by Dr Peter Scheiffele (University of Basel, Switzerland) and have been previously described (51) (52) (53) . All primer sequences are listed in Supplementary Table S2. amiRNA design amiRNA sequences were designed with considerations of previously described criteria for effective shRNA and miRNA sequences where possible (54) (55) (56) (57) (58) . Briefly, specific nucleotides included a U or A (preference for U) at guide position 1 relative to the 5 microprocessor cleavage site, U/A preferences in positions 2-7, 10-14 and 17, and G/C preferences in positions 19-21. Another prominent consideration was to design sequences with an optimal G/C content between 36.4% and 45.5% when possible. Guide strands were also designed to be 2 nucleotides longer than the passenger strand as in the original report (11) . Mismatches were positioned when possible to make three general structural categories: (i) a 'loop' mismatch where 3-5 adjacent nucleotides of the guide strand were not base paired to the target strand, (ii) a '3bp-spaced' mismatch where 2 single guide strand nucleotide mismatches were separated by 3 guide/passenger base pairs and (iii) a '4bp-spaced' mismatch where 2 single guide strand nucleotide mismatches were separated by 4 guide/passenger base pairs. Of our 129 amiRNA sequences, 9 did not fold into a secondary structure fitting the above categories and 6 amiRNA sequences were designed with two alternative mismatch structures (Supplementary Table S1 ). For all amiRNA sequences, mismatches ranged between guide positions 11 and 17. Predicted RNA secondary structures were generated using Mfold (59) . Schematics of miRNA secondary structures were drawn using VARNA (60) .
Mismatch structure and sequence-specific biases
We determined the frequency (with a range of 0-1) of mismatch structures within our effective, ineffective and total amiRNA sequences. For each structural class, we calculated effective and ineffective amiRNA structure bias as the deviation of the observed frequency from the expected frequency of the total amiRNA set. Frequencies of nucleotides at specific guide strand positions were determined for our empirically-screened inefficient amiRNA sequences, and the combined efficient amiRNA set containing our screened efficient sequences and additional sequences obtained from primary literature (Supplementary Table S1 ). Nucleotide frequencies were calculated using custom scripts built using the ShortRead package (61) in R (R Foundation for Statistical Computing, Vienna, Austria). Nucleotide frequency biases were calculated as deviation of the observed nucleotide frequency at each position of the guide strand from an unbiased expectation of 0.25. To remove the effect of design bias, we normalized the frequency bias of the effective amiRNAs by subtracting frequency biases for the ineffective amiRNAs.
qRT-PCR
First-strand cDNAs were synthesized from total RNA isolated following COS7 cell transfections using Superscript III reverse transcriptase (Invitrogen). For experiments comparing pri-miRNA levels of target sequences in different SIBR backbones, cDNAs were created using oligodT primers for 50 min at 50
• C. For experiments comparing chaining-based effects, random hexamer primers were used with synthesis at 55
• C for 1 h. In both cases, pri-miRNA levels were first normalized to gapdh levels as a loading control. Rat gapdh primers were qRat gapdh f/r. For experiments comparing pri-miRNA levels of target sequences in different SIBR backbones the primer pair qSIBR f/r flanking the 5 and 3 microprocessor cut sites in the SIBR backbones was used. For experiments comparing chainingbased effects, primer qSIBR f was used with hairpinspecific reverse primers for cadm1.1358 (qCadm1.1358 r) and nlgn2.1283 (qNlgn2.1283 r). qRT-PCR was performed using SYBR Green reagents (Kapa Biosystems) on a StepOnePlus Real-Time PCR System (Applied Biosystems). Values and relative expression levels were compared using the C t method. Primer sequences are listed in Supplementary Table S2 .
Lentiviral production and titration
2.5 × 10 6 HEK293T cells were plated per 10-cm tissue culture dishes in 10ml of DMEM (Invitrogen), 10% FCS, 25 units/ml penicillin & 25 g/ml streptomycin (Sigma). ≈24 h after plating, cells were transiently transfected using calcium-phosphate with 20 g LV-CMV-SIBR-nlsGFP vectors and packaging vectors (10 g pMDL g/p RRE, 5 g pRSV-Rev, 6 g pVSV-G) (62). 6-8 h later media was replaced with 6ml/plate of fresh medium. Medium was collected 48-72 h after transfection and centrifuged at 3000xg for 5 min at RT. Supernatant was passed through a 0.45 m syringe filter and virus was concentrated by centrifugation on a 150 000 MWCO column (Pierce). 20 000 HEK293T cells were plated per well of a 12-well plate and transduced with serial dilutions of concentrated lentivirus. 4-5 days after transduction, titres were calculated by flow cytometry on an Attune R acoustic focusing cytometer (Applied Biosystems) for GFP+ cells. Infectious lentiviral particles/l were calculated from viral dilutions where cells were transduced in the linear range (5-20% GFP+ cells). 
COS7 cell culture and transfection
COS7 cells (ATCC R Manassas, VA) were plated at a density of 50 000 cells per well of a 12-well tissue culture plate and maintained in DMEM (Invitrogen), 10% FCS, 25 units/ml penicillin & 25 g/ml streptomycin (Sigma). ≈24 h after plating, media was replaced with DMEM, 10% FCS without pen/strep and cells were transiently transfected with Lipofectamine 2000 (Invitrogen) for ≈18 h, at which point media was replaced with DMEM, 10% FCS with pen/strep. 1 g of reporter vector and 2 g of GFP-SIBR vectors per well were co-transfected for knockdown experiments. For transfections for harvesting total RNA for qPCR, 1 g of GFP-SIBR vectors were transfected per well. Cells were harvested 48-72 h following transfection.
Primary hippocampal cell culture and viral transduction
Hippocampal cultures were prepared from embryonic day 19 Sprague-Dawley rat pups as described (63), with minimal modifications. 100 000 cells were plated per well of a 12-well tissue culture plate coated with poly-L-lysine (Sigma, St. Luis, MO) in plating media (MEM (Invitrogen), 10% FCS, 20 mM dextrose, 25 units/ml penicillin and 25 g/ml streptomycin) and incubated for 5-6 h. Media was then changed to maintenance media (Neurobasal medium (Invitrogen), 1X B-27 supplement (Invitrogen), 0.5 mM Glutamax (Invitrogen), 50 units/ml penicillin, 50 g/ml streptomycin and 0.07% ␤-mercaptoethanol). Half changes of maintenance media were performed every 3-4 days in culture. 200 000 infectious viral particles, as calculated by our titration method, were added per well to transduce neurons at 2DIV. Cells were harvested at 14DIV. Studies were conducted in accordance with University of Oregon Institutional Animal Care and Use Committee protocols and in compliance with NIH guidelines for the care and use of vertebrate animals.
Quantitative western blotting
Cells were harvested after a brief wash with 1X PBS using 2X Laemmli buffer (125 mM Tris pH 6.8, 20% glycerol, 4% SDS, 0.004% bromophenol blue) with 5% betamercaptoethanol. Samples were heated at 95
• C for 5 min, and proteins were separated by SDS-PAGE before transfer to a nitrocellulose membrane. Membranes were blocked for 1h with 3% milk in PBS and treated with primary antibodies in 3% milk/PBS overnight at 4
• C. The next day membranes were washed 3 × 5 min with PBS, shaken with secondary antibody in 3% milk/PBS for 1 hr at RT, washed 3 × 5 min with PBS and imaged with an OdysseyFc quantitative western blot system (LI-COR). Intensities were quantified per manufacturer's instructions. Primary antibodies used were actin (mouse, 1:2000, Millipore), HA.11 (mouse, 1:2000, Covance), GFP (chicken, 1:2000, Aves Labs), Cadm1 (chicken, 1:1000, MBL International), Cadm3 (rabbit, 1:1000, Sino Biological) and Pleio-Cadm (rabbit, 1:1000, Pierce). Secondary antibodies used were anti-mouse and anti-chicken IRDye 680RD, antirabbit and anti-chicken IRDye 800CW (donkey, 1:1000, LI-COR). Intensities were normalized to actin loading controls. Knockdown efficiency was calculated by setting levels relative to the empty GFP-wtSIBR controls for COS7 cell experiments or uninfected (no virus) controls for neuronal cultures. Potency-of-knockdown was a metric with arbitrary units used to compare relative changes in knockdown efficacy between two conditions, and was calculated by dividing remaining reporter level (100%--knockdown efficiency) in a control condition (such as amiRNA in wt-SIBR backbone or single amiRNA cassette) by the remaining reporter level in a comparison condition. Potency-ofknockdown for the control condition was set to 1.
Statistical analysis
Where noted, P-values obtained by statistical comparisons of two sample groups used Student's two-tailed, unpaired t-tests and comparisons of more than two sample groups used one-way ANOVAs followed by Tukey's post-hoc pairwise comparisons. For mismatch structure analysis, we performed Pearson's 2 -tests (␣ = 0.05) which compared observed versus expected number of effective amiRNA and ineffective amiRNAs for each mismatch class. Expected effective and ineffective amiRNA numbers for each mismatch group were calculated using frequencies of the total amiRNA set. For nucleotide frequency analysis at specific guide strand positions, we performed individual Pearson's 2 -tests for actual counts (␣ = 0.01) or normalized expectations (␣ = 0.001) which compared A,U,G and C numbers at each guide strand position against an unbiased expectation of equal base frequencies. P-values were adjusted usinǧ Sidák correction for inflated ␣ levels due to multiple comparisons.
2 -tests and t-tests were conducted in Microsoft Excel. ANOVAs, Tukey's post-hoc analysis andŠidák corrections were performed in R.
RESULTS
Screening
empirically-designed amiRNAs uncovers sequence-specific and structural features associated with efficient sequences
To screen for effective amiRNA sequences, we used a vector with the Pol II cytomegalovirus (CMV) promoter driving expression of EGFP with the original 150bp wtSIBR cassette (11) in an exon immediately following the EGFP stop codon (GFP-wtSIBR; Figure 1A and B). We tested a set of 22-nucleotide long amiRNA targeting sequences (total of 129, Supplementary Table S1) by inserting into the guide strand position of the wtSIBR backbone (Figure 1A) . amiRNAs targeted a total of nine genes spanning three neuronal cell adhesion protein families. Targeted genes were cadm1-3, nlgn1-3 and nrxn1-3 which code for the proteins Cell adhesion molecule (Cadm) 1-3, Neuroligin1-3 and Neurexin1-3, respectively. As reporters for each targeted gene, we used Pol II-promoted hemagglutinin epitope-tagged constructs (HA-reporter). Using quantitative western blotting, we screened for effective amiRNA sequences co-transfecting amiRNA-expressing vectors with their counterpart HA-reporter vectors in COS7 cells (Figure 1B) . Cultures co-transfected with efficient amiRNA sequences showed decreased reporter expression compared to control cultures co-transfected with a GFP-wtSIBR vector lacking an amiRNA targeting sequence (empty) (Figure 1C,  D) . Sequences which resulted in >25% reporter knockdown were considered effective and all others were considered ineffective. 50 amiRNAs were effective and 79 were ineffective for reporter knockdown (Supplementary Table S1 ).
Because SIBR-based amiRNAs are frequently designed with guide/passenger strand mismatches (11), we wanted to determine if mismatch structure was associated with knockdown efficiency. We grouped amiRNAs into three general categories that mimicked predicted naturally-occurring miR-155 secondary structures (Figure 2A ). We found that effective hairpins were less likely to contain a loop mismatch whereas ineffective hairpins were more likely to contain a loop mismatch ( Figure 2B ). We also noted that effective hairpins tended to contain the 3bp-spaced mismatch structure (P = 0.07, Pearson's 2 -test) and had little bias for or against the 4bp-spaced mismatch structure. The observed tendency for successful amiRNAs to contain the human mismatch structure may indicate a species-specific preference, because COS7 cells are a primate-derived line (African green monkey). Furthermore, G/C content of effective versus ineffective amiRNA sequences were compared and we found the G/C content of effective hairpins to be significantly less than ineffective hairpins (effective = 40.1% G/C, ineffective = 43.5% G/C) ( Figure 2C ).
Next, we examined the primary sequence factors that influenced knockdown efficiency. To do so, we mined primary literature to obtain an additional 133 effective SIBR amiRNA sequences to increase our comparison power. We then calculated the nucleotide frequency bias at individual guide strand positions for the combined effective amiRNA set (n = 183) and our ineffective amiRNAs (n = 79) (Figure 2D) . Note that we did not compare position 22 because many of the hairpins we obtained from the literature were cloned into a specific miR-155 backbone (pcDNA TM 6.2-GW/EmGFP-miR) where position 22 is always a G. As most amiRNAs are designed using common algorithms and guidelines, it was not surprising to find significant enrichments (␣ = 0.01) of either U, A or both at position 1, 2, 4, 7, 10, 12 and 14 in effective amiRNA sequences. We did note unexpected enrichment of G at position 8 and C at position 9. Also as expected, both the effective and inef- fective sequences displayed a G/C content asymmetry, with A/U-rich 5 and G/C-rich 3 ends. This asymmetry has been shown to influence guide strand selection, is strongly associated with effective target sequences, and is a major criteria for effective siRNA design (64, 65) . Additionally, nucleotide frequencies at specific positions were quite similar in effective and ineffective sequences, likely indicating design bias for both sets. To eliminate design bias, we normalized the effective sequence nucleotide frequency by subtracting the values of the ineffective data set. Because our ineffective amiRNA set was smaller than the combined effective amiRNA set, we made our analysis more stringent (␣ = 0.001). Normalization removed all of the enrichments noted above except for position 10, where, strikingly, effective amiRNA sequences were likely to contain an A but not a U ( Figure 2E) . We did note a significant, but smaller, enrichment of A and depletion of U at positions 16 and 17. We did not find any significant bias for G or C at any position ( Figure 2E ). Taken together, these results highlight important criteria for designing effective amiRNA sequences.
Introduction of UG and CNNC motifs creates an enhanced SIBR (eSIBR) backbone
Because recent studies have shown that targeted adjustments to the miR-30 backbone can increase knockdown efficiency (26,46), we tested whether modifications to the wt-SIBR backbone could also increase amiRNA knockdown potency. Auyeung et al. established that two key sequences at the basal stem in human miRNAs, the UG motif at positions -14 and -13 relative to the 5 microprocessor cleavage site and the CNNC motif beginning between positions +16 and +18 relative to the 3 microprocessor cleavage site, are associated with efficient miRNA processing and target knockdown (47) . Neither of these motifs are present in the wtSIBR backbone, so we introduced the motifs singly or in combination to GFP-wtSIBR to create modified GFP-SIBR scaffolds ( Figure 3A) .
We evaluated the effect of modified SIBR backbones on amiRNA knockdown efficiency for 16 of our effective amiRNA sequences ( Figure 3B -D and Supplementary Figure S1 ). The majority of these amiRNA sequences induced robust knockdown when expressed from the wtSIBR backbone ( Figure 3C and D) . In order to be confident that our quantitative Western blot assay was suitable to measure further knockdown enhancement, we tested the precision of the assay for measuring small differences in protein levels. We found that our assay was able to reliably and accurately measure differences as low as 10% of HAreporter protein levels (Supplementary Figure S2) . These results demonstrate that our quantitative Western blot assay is well suited to monitor differences in knockdown efficiencies due to backbone modifications.
We performed 3-4 replicate experiments comparing knockdown efficiencies for five of our potent (>70% knockdown) amiRNA sequences expressed from the wtSIBR or modified backbones ( Figure 3B and C, Supplementary Figure S1 ). Changes in knockdown efficacy in response to introduction of single UG or CNNC motifs varied considerably for individual amiRNA sequences ( Figure 3C ). In contrast, introduction of both UG and CNNC motifs into the SIBR backbone enhanced reporter knockdown for all 16 amiRNA sequences tested ( Figure 3C and D) . We named this backbone containing both motifs the enhanced SIBR (eSIBR) scaffold. Because the range of reporter knockdown from amiRNAs in the wtSIBR backbone was large (≈25% to >90%; Figure 3C and D) and were difficult to compare directly, we used a relative metric that is independent of absolute knockdown percentage. This metric, which we call potency-of-knockdown, is the inverse of the amount of the remaining reporter level compared to a control condition; an amiRNA that reduced the remaining protein to 1/2 of the control amount had a 2-fold potency-of-knockdown, one that reduced remaining reporter to 1/3 had a 3-fold potency-of-knockdown. We used this metric to compare knockdown efficacy of amiRNA sequences in modified backbones relative to corresponding wtSIBR amiRNAs. The eSIBR backbone reproducibly boosted potency-of-knockdown an average of ≈2-fold over counterpart sequences in the wtSIBR backbone ( Figure 3E ).
The eSIBR backbone enhances cleavage by the microprocessor
To examine whether improved knockdown from the eSIBR backbone may be due to an increase in miRNA biogenesis, we used a previously established method for monitoring microprocessor cleavage (46) . Because the amiRNA sequence is located in an exon following the GFP coding region, cleavage of the hairpin by the microprocessor separates the coding region from the polyA tail, which prevents nuclear export and destabilizes the mRNA, resulting in lowered GFP translation ( Figure 4A ). Thus, lowered GFP levels indicate enhanced microprocessor cleavage.
We used quantitative western blotting to measure GFP levels in COS7 cells transfected with GFP-SIBR vectors containing amiRNAs in the wtSIBR or modified SIBR backbones ( Figure 4B ). We compared GFP levels in cells transfected with amiRNAs in modified SIBR backbones relative to their wtSIBR counterparts and found decreased GFP levels in cultures expressing eSIBR amiRNAs, but not in cultures with amiRNAs in backbones containing individual UG or CNNC motifs ( Figure 4C ). This observation suggests that increased knockdown gained from the eSIBR backbone stems from enhanced microprocessor cleavage.
To directly monitor amiRNA processing, we performed quantitative real-time PCR (qRT-PCR) to measure unprocessed pri-miRNA levels in COS7 cells transfected with GFP-SIBR vectors and compared relative pri-miRNA levels of amiRNAs expressed from the modified SIBR backbones to pri-miRNA levels of their counterparts in the wt-SIBR backbone. Mirroring the results obtained by monitoring relative GFP levels, only amiRNAs expressed from the eSIBR backbone, and not backbones with a single motif, showed significantly reduced pri-miRNA levels of ≈30% ( Figure 4D and E). Because these were overexpression experiments, the observed ≈30% reduction in pri-miRNA levels due to the eSIBR modifications is not representative of single-copy kinetics and likely under-represents the increase in the amount of pre-miRNAs able to enter the RNAi pathway. Together, these results provide strong evidence that the eSIBR backbone enhances knockdown through increased microprocessor cleavage and liberation of pre-miRNA hairpins.
Chaining amiRNAs targeting different genes increases knockdown potency
One useful feature of the SIBR cassette is the ability to easily chain amiRNAs in tandem (11) . To simultaneously knockdown multiple genes, we chained together amiRNA triplets in the wtSIBR or eSIBR backbones, targeting three different cadm family or nlgn family genes (e.g. cadm1, 2 and 3 or nlgn1, 2 and 3) ( Figure 5A ). Three unique scrambled amiRNA sequences targeting no known genes served as a control (scrambled1, 2 and 3).
We wanted to determine if chaining amiRNAs in tandem influenced their individual efficacies. Because DNA sequences can be highly homologous between gene family members, we investigated potential cross-targeting of amiRNA sequences within their gene family. We monitored knockdown of HA-reporters when co-transfected with single amiRNAs against each of the family members ( Figure  5B ). We found that only one amiRNA, nlgn2.1283, not only reduced HA-Neuroligin2 levels but also HA-Neuroligin3 . If more than one experiment was conducted for an amiRNA sequence, the average value was used. (C) n = 16 amiRNAs, (E) n = 18 amiRNAs, **P < 0.01, ***P < 0.001, n.s. = not significant, one-way ANOVA with Tukey's post-hoc comparison to the wtSIBR group. Error bars represent SEM. levels, presumably due to 19/22 nucleotide homology with the target sequence. We therefore omitted HA-Neuroligin3 from subsequent analysis of linkage-based effects.
To test if multimerizing amiRNAs could alter their efficiency, we used quantitative western blotting to monitor reporter knockdown in COS7 cells co-transfected with triplet amiRNAs and their corresponding HA-reporter vectors ( Figure 5C ). Knockdown efficiency was measured by normalizing reporter levels to control cultures co-transfected with an empty GFP-wtSIBR vector. Again in all cases, we found that single amiRNAs in the eSIBR backbone enhanced knockdown efficiency compared to single amiRNAs in the wtSIBR backbone and increased potency-ofknockdown ≈2-fold (data not shown). Surprisingly, we ) (total n = 18 per group). **P < 0.01, ***P < 0.001, student's two-tailed t-tests against the relative control group (dotted line). (G) Comparison of potency-of-knockdown for triple-amiRNA constructs in eSIBR backbones (blue bars) relative to their counterparts expressing triple-amiRNAs in the wtSIBR backbone (black bars) from data in (D). n = 3 independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001, Student's two-tailed t-test. (H) Comparison of pri-miRNA levels measured by qRT-PCR in COS7 cells following transfection of single and triple cadm1.1358-and nlgn2.1283-containing SIBR constructs in either the wtSIBR or eSIBR backbones. pri-miRNA levels are relative to the single wtSIBR amiRNA condition. n = 3 independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001, Student's two-tailed t-test against the single wtSIBR amiRNA condition. For all graphs, error bars represent SEM.
found that concatenation of amiRNAs in the wtSIBR backbone targeting different genes was itself sufficient to increase knockdown efficiency for 4 of the 5 reporter constructs ( Figure 5D ). To compare relative effects of chaining amiRNAs across different amiRNA sequences, we calculated potency-of-knockdown for amiRNA triplets in the wtSIBR backbone compared to their corresponding single wtSIBR amiRNAs. We found that chaining wtSIBR amiRNAs significantly increased potency-of-knockdown nearly 2-fold (≈1.9-fold; Figure 5E ). When compared to their single eSIBR amiRNA counterparts, triple eSIBR amiRNAs also increased potency-of-knockdown ≈1.9-fold (Figure 5F ), which suggests that the eSIBR backbone modifications do not interfere with chaining-based knockdown enhancement. As each amiRNA targeted distinct genes and enhanced knockdown was still observed, our results suggest a cooperative effect for miRNA biogenesis when amiRNAs are chained in close proximity.
The eSIBR backbone enhances multi-gene knockdown
To test if eSIBR amiRNAs retain their enhanced knockdown potential when concatenated, we calculated potencyof-knockdown for triplet GFP-SIBR constructs containing amiRNAs in the eSIBR backbone relative to corresponding single or triple amiRNAs in the wtSIBR backbone. When compared to their triplet wtSIBR counterparts, triplet eS-IBR amiRNAs increased potency-of-knockdown in all 5 conditions, with an average enhancement of ≈1.5-fold (Figure 5G) , which is less than the expected 2-fold increase seen in single amiRNAs. When directly compared to their single amiRNA counterparts in the wtSIBR backbone, triplet eS-IBR amiRNAs showed a nearly 3-fold increase in potencyof-knockdown (≈2.9-fold; Figure 5E ), which is less than the expected ≈4-fold enhancement in potency-of-knockdown if both the enhancement from the eSIBR backbone and the linkage-based increase were independently additive. These two observations suggest that knockdown enhancement afforded by the eSIBR modifications is reduced when amiRNAs are multimerized. Nevertheless, these results show that chaining eSIBR amiRNAs, even when targeting distinct genes, can further boost overall knockdown potency.
Chaining-based knockdown enhancement is due to increased pri-miRNA processing
We tested if the linkage-based increase in knockdown potency due to chaining amiRNAs in tandem was also due to enhancement in microprocessor cleavage of the primiRNA hairpin. In order to directly compare pri-miRNA processing between single and chained amiRNAs, we designed primers to monitor the 5 -most hairpin for both the cadm1-3 and nlgn1-3 triple constructs (cadm1.1358 and nlgn2.1283, respectively) and used qRT-PCR to measure pri-miRNA levels in COS7 cells transfected with triple amiRNAs in the wtSIBR or eSIBR backbones as well as the corresponding single amiRNAs in the wtSIBR or eS-IBR backbones. We again observed a significant increase in pri-miRNA processing from single eSIBR amiRNAs compared to their wtSIBR counterparts ( Figure 5H ). Chaining amiRNAs decreased pri-miRNA levels for both amiRNAs, although levels were reduced much more for nlgn2.1283 than for cadm1.1358 (92% and 30% reduction, respectively; Figure 5H ). For both amiRNAs, triple eSIBR constructs showed a further, but more modest decrease in pri-miRNA levels compared to triple wtSIBR counterparts ( Figure 5H ). These results imply that knockdown enhancement due to chaining amiRNAs is from increased microprocessor cleavage.
eSIBR boosts endogenous multi-gene knockdown potency
Next, we tested the applicability of eSIBR amiRNAs for multi-gene knockdown of endogenous proteins. We generated a lentiviral vector carrying triplet amiRNAs in the wtSIBR or eSIBR backbones which target cadm1, 2 and 3. amiRNA expression is driven by the CMV promoter and located in an intron preceding the coding region for nuclear-localized GFP (nlsGFP) ( Figure 6A ). We placed amiRNAs in an intron because intronic expression of amiRNAs enhances target knockdown (11) . We transduced cultures of rat hippocampal neurons two days after plating (days in vitro, DIV) with high-titre lentivirus carrying triplet cadm amiRNAs or control triplet scrambled amiRNAs. We then used quantitative western blotting to monitor endogenous Cadm protein knockdown in 14DIV cultures ( Figure  6B ). We measured protein levels with antibodies against endogenous Cadm1, Cadm3 or pleio-Cadm, which recognizes Cadms 1, 2 and 3 (66), and measured knockdown efficiency by normalizing values to non-infected sister cultures (no virus) ( Figure 6C ). For all antibodies tested, amiRNAs in the eSIBR backbone significantly enhanced knockdown efficiency ( Figure 6C ). We calculated potency-ofknockdown between triplet wtSIBR and eSIBR amiRNAs, and we found that the eSIBR backbone increased potencyof-knockdown an average ≈2-fold over wtSIBR amiRNAs ( Figure 6D ). These results show that eSIBR is more efficient than currently-used SIBR-based vectors for endogenous multi-gene knockdown.
DISCUSSION
The use of amiRNAs have been shown throughout a diverse range of experimental contexts as an efficient means for RNAi. Despite the enormous benefits associated with amiRNAs, experimental application often suffers from insufficient target knockdown compared to other RNAibased methods. We showed here that targeted optimization of the amiRNA SIBR backbone, termed the eSIBR scaffold, greatly enhanced the relative knockdown potency of all amiRNA sequences tested. This potent effect was due to an increase in microprocessor cleavage. When we chained eSIBR amiRNAs, even when each amiRNA targeted a unique gene, potency-of-knockdown was often enhanced more than 3-fold compared to single wtSIBR amiRNAs. Therefore, the eSIBR backbone offers great potential to boost amiRNA knockdown efficacy to comparable levels with methods such as shRNA without caveats routinely encountered with other RNAi-based techniques.
Using a large empirically-designed set of amiRNAs, we found specific sequences associated with efficient amiRNA sequences. We observed that effective sequences are highly (55, 57, 67, 68) . Argonaute proteins in RISC cleave target mRNA between nucleotides complementary to guide strand positions 10 and 11. Bias for A at guide position 10 in effective sequences may arise from increased mRNA cleavage efficiency because a U in the mRNA complementary to guide position 10 is the preferred substrate (57). However, most previous studies also noted an enrichment of U at position 10 as well (57, 67, 68) . In particular, studies which screened for effective amiRNA sequences using the miR-30 backbone found enrichment for both A and U at position 10 (55,69) , suggesting that a bias against U at position 10 may be specific for SIBR amiRNAs. Taken together, these conflicting observations posit that differences between amiRNA expression systems, such as the loop sequence or inclusion of central mismatches, may alter primary sequences important for RNAi efficacy. Thus, our results highlight the need for more context-dependent criteria for amiRNA design.
We also observed structural criteria associated with effective amiRNAs. We and others have found that G/C content of <50% is associated with effective sequences (57, 70) . Specifically, our experimental average of ≈40% G/C for effective amiRNAs fell precisely at the median G/C range of effective sequences in a recent, high-throughput amiRNA screen (55) . We also investigated the effect of guide/passenger mismatch structure on amiRNA efficiency. We found that effective hairpins were not likely to contain an open loop mismatch and favored two mismatches separated by 3-basepaired nucleotides. We note that because COS7 cells are a monkey-derived line, the observed preference for the human mismatch structure may be due to specificities in miRNA processing machinery between species. Whether mismatch structure preference is different for SIBR-based amiRNAs in different organisms will require further investigation. Nonetheless, one should consider empirically optimizing mismatch structure when designing amiRNAs for this system if using different species. Previous studies have seen that introduction of central mis- matches between the guide and passenger strands can improve knockdown efficacy in certain sequences (27, 71) , but to our knowledge this is the first report to systematically test preferred guide/passenger mismatch structures for an amiRNA system. Central mismatches can influence guide strand selection (72) (73) (74) as well as alter loading onto functionally-distinct Ago proteins in RISC. For example, siRNAs containing central mismatches shifts loading of guide strands from Ago2 to Ago1 in Drosophila, which alters target knockdown efficiency (75) (76) (77) .
Thus, in addition to general considerations for effective RNAi design, our results suggest two important criteria for the design of effective SIBR-based amiRNAs: (i) inclusion of A and exclusion of U at guide position 10, and (ii) optimization of guide/passenger mismatch structure.
One interesting trend that we noticed when comparing modified backbones containing either single UG and CNNC motifs and the eSIBR backbone, which contains both, is that while both motifs generally enhanced knockdown efficiency, the effect of single motifs on the potency of individual amiRNA sequences varied considerably. In stark contrast, combining both motifs in the eSIBR backbone reproducibly enhanced potency-of-knockdown for all 16 amiRNA sequences ≈2-fold over identical sequences in the wtSIBR backbone. Because the eSIBR backbone caused such a reproducible increase in knockdown efficacy, but the effect of the individual motifs did not appear to be additive, suggests the UG and CNNC motifs are functionally linked. Indeed, we only observed increased cleavage by the microprocessor when both motifs were combined, as monitored either indirectly by GFP expression or directly by assaying pri-miRNA levels. Enhanced knockdown in the miR-30-based 'miR-E' backbone by Fellmann et al., which was created by reintroducing the wild-type CNNC motif, may support this notion because miR-30 already contained the basal UG motif (46) . The CNNC motif was originally shown to bind the splicing factor SRp20, and more recently the DEAD-box protein DDX17, both of which associate with and can regulate microprocessor activity, although specific modes of action are not known (47, 78, 79) . Further work will need to determine whether these regulatory mechanisms also involve the UG motif.
Our work strongly supports increased pri-miRNA processing as the causative factor of enhanced knockdown afforded by both amiRNA chaining and the eSIBR backbone modifications. Both chaining and the eSIBR backbone decreased pri-miRNA levels, as monitored by qRT-PCR. Because an ≈2-fold increase in potency-of-knockdown was observed from both the eSIBR backbone and amiRNA chaining, we would expect an ≈4-fold enhancement to potency-of-knockdown if both factors contributed independently to knockdown efficiency. However, we observed an ≈3-fold increase when eSIBR amiRNAs were multimerized. Although more work is needed to determine molecular mechanisms responsible for this observation, it is possible that pri-miRNA processing efficiency hits a maximum level which is less than the maximum contribution from both the eSIBR backbone and linkage-based effect. Indeed, we found that the combination of both factors caused only a modest further increase in pri-miRNA processing as compared to much larger individual contributions from chaining or the eSIBR backbone alone. In further support of this notion, we determined that the lower than expected knockdown enhancement was not simply due to the eS-IBR backbone interfering with the chaining effect; wtSIBR and eSIBR backbones similarly enhanced knockdown potency when multimerized. Interestingly, effects on processing efficiency may be cell or species-dependent, because we observed an expected ≈2-fold increase in potency-ofknockdown when comparing triple eSIBR amiRNAs to triple wtSIBR amiRNAs in cultured rat hippocampal neurons, but only observed a 1.5-fold enhancement in our COS7 cell assays.
Our results may also suggest that the eSIBR modifications or amiRNA chaining alter pri-miRNA processing kinetics. For example, the observed non-additive increase to knockdown potency from the combination of amiRNA chaining and the eSIBR backbone could be due to a reduction in pri-miRNA processing speed for eSIBR amiRNAs, but not wtSIBR amiRNAs, when concatenated. Moreover, the idea of different processing speeds could explain why 1 out of 5 amiRNAs tested (cadm2.87) did not exhibit a chaining-based enhancement of knockdown potency. For instance, it is possible that the cadm2.87 hairpin had a higher basal processing rate than the other amiRNAs which was not further increased by amiRNA chaining. More work is needed to investigate the exact influence of amiRNA concatenation and the eSIBR backbone on miRNA processing kinetics.
We believe that the eSIBR backbone offers three distinct advantages over the miR-E scaffold (46) . First, the SIBR backbone may be intrinsically superior for multigene RNAi. Chung et al. previously demonstrated that chaining identical SIBR amiRNAs can enhance knockdown efficiency (11), and we additionally observed here that concatenating amiRNAs which targeted different genes was sufficient to increase knockdown potency. While this linkage-based enhancement has been seen for at least one other amiRNA backbone (9) , effects of chaining miR-30-based amiRNAs are less consistent, and may even decrease amiRNA efficacy (40, 80, 81) . Importantly, knockdown improvement due to concatenation was retained in eSIBR amiRNAs, in addition to the enhancement provided by the backbone modifications. Taken together, these results establish the eSIBR backbone as a promising tool for multi-gene knockdown. The second advantage of the eSIBR backbone is ease of cloning compared to the miR-E backbone, which requires de-novo synthesis of a 97-mer including the amiRNA target sequence and flanking optimized scaffold region (46) . The eSIBR backbone can be easily swapped to replace existing wtSIBR scaffolds by restriction enzyme digestion and ligation as described in the original report (11) . Furthermore, any previously designed SIBR amiRNAs can be inserted directly into the eSIBR backbone without the need to synthesize new sequences. Third, a recent breakthrough for functional zebrafish genetics used SIBRbased amiRNAs to create the first RNAi system to cause sufficient gene knockdown in this organism (82) . In the study, SIBR/mi-155-based amiRNAs vastly outperformed amiRNAs expressed from the endogenous zebrafish miR-30 backbone, which posits that SIBR-based amiRNAs may be more potent in general than amiRNAs expressed from e48 Nucleic Acids Research, 2016, Vol. 44, No. 5 PAGE 14 OF 16 the miR-30/E scaffolds. It will be of large interest to determine if the eSIBR backbone can further enhance knockdown in zebrafish as this may become an invaluable tool for an organism that currently has few methods for conditional loss-of-function studies.
We offer here an outline for efficient multi-gene knockdown, from amiRNA design through implementation using the eSIBR backbone. We showed the applicability of eSIBR-based miRNAs by potently knocking down three members of a gene family in cultured neurons using a lentiviral expression system, demonstrating the eSIBR backbone as a useful tool for RNAi-based research. We believe that the eSIBR backbone holds great promise for applications which may benefit from multi-target RNAi, such as tackling functional redundancy within gene families or even gene therapy-based methods requiring simultaneous knockdown of multiple genes.
